Metal mono-chalcogenide compounds offer a large variety of electronic properties depending on chemical composition, number of layers and stacking-order. Among them, the InSe has attracted much attention due to the promise of outstanding electronic properties, attractive quantum physics, and high photo-response. Precise experimental determination of the electronic structure of InSe is sorely needed for better understanding of potential properties and device applications. Here, combining scanning tunneling spectroscopy (STS) and two-photon photoemission spectroscopy (2PPE), we demonstrate that InSe exhibit a direct band gap of about 1.25 eV located at the  point of the Brillouin zone (BZ). STS measurements underline the presence of a finite and almost constant density of states (DOS) near the conduction band minimum (CBM) and a very sharp one near the maximum of the valence band (VMB). This particular DOS is generated by a poorly dispersive nature of the top valence band, as shown by angle resolved photoemission spectroscopy (ARPES) investigation. In fact, a hole effective mass of about m*/m0 = -0.95 ( ̅̅̅̅ direction) was measured. Moreover, using ARPES measurements a spin-orbit splitting of the deeper-lying bands of about 0.35 eV was evidenced. These findings allow a deeper understanding of the InSe electronic properties underlying the potential of III−VI semiconductors for electronic and photonic technologies.
Metal (M) mono-chalcogenide (X) III-VI compound (MX), as InSe, GaSe, GaS and GaTe, has emerged as a promising 2D semiconductor [1] [2] [3] [4] [5] [6] . Its crystal structure consists in covalently-bound "X-M-M-X" sheets, stacked vertically through van der Waals (vdW) interaction [7] [8] [9] The electronic band structure of many two-dimensional (2D) vdW materials changes as the thickness is reduced down to a few layers 10 . One well known example is the indirect to direct gap transition that occurs at monolayer thickness of Mo and W transition metal dichalcogenides (TMDs) 11 .
To date, a wide variety of 2D vdW crystals such as TMDs, and hexagonal boron nitride (hBN) have been investigated, and exploited as single crystals or in combination with graphene to create functional devices [12] [13] [14] [15] .
At odds with the dichalcogenide (MX2) compounds, MX (e.g., GaSe and InSe) are direct bandgap semi-conductors in the bulk (2.1eV and 1.2eV) but they evolve to be indirect bandgap when thinned down to few layers [16] [17] [18] . Being optically active in the infrared or visible range is a significant advantage for 2D materials since graphene (gapless) and hexagonal boron nitride (>5eV) are not very practical for optoelectronic applications. The indirect band gap transition has not deterred the successful use of few-MLs GaSe and InSe as fast photodetectors [19] [20] [21] [22] . This kind of indirect bandgap transition is also a subject of unusual physics, where a near flat valence band pinches down at the Γ point ('Mexican hat') and creates a Van Hove singularity close to the valence band maximum 23 . This peculiar density of states singularity could lead to interesting effects such as tunable magnetism depending on the doping of the single layer or other instabilities 24 , 25 . Some recent works highlight the potential applications of InSe and related III−VI 2D materials in optoelectronics 4, 18 . Tamalampudi et al. 19 showed that devices based on few-layered InSe obtained by mechanical exfoliation can be used as photosensor with high photoresponsivity. Additionally, electroluminescence was observed in vertically stacked InSe/GaSe heterojunction based on mechanical exfoliation method of 2D vdW materials 26 . Moreover the use of such heterojunction of layered semiconductors where the top and the bottom of the valence band are located closed to the Γ point can be very useful in the building of finelytuned artificial semiconductors 27 . In terms of electrical transport device, it was recently showed that in a InSe field effect transistors (FET) capped with h-BN operating at room temperature, the carrier mobility can be improved up to ∼10 3 cm 2 /(V s) getting close to the high Hall mobility value of the InSe bulk, which is also well above that one of the TMDs 1 . This high quality devices have also brought to the realization of gate-controlled quantum dots in the Coulomb blockade regime with few-layers InSe 28 .
Although optical and transport studies of MX have made rapid progress, the intrinsic electronic structure is still not precisely understood with many open questions: do MX semiconductors have a direct bandgap at the Γ points?
Fortunately, ARPES and STM/STS have the potential to answer these questions. We report here a detailed experimental study of InSe electronic band structure. ARPES was used to investigate the InSe band structure and the position of the valence band maximum relative to the Fermi level. This information coupled with the 2PPE
and STS measurements gives the band offsets and the electronic band gap in our crystal. Complementary microRaman spectroscopy analysis was conducted to study the structural properties of the crystal exploring the vibration frequencies of phonons corresponding to the characteristic vibrational modes of InSe. EF with respect to the band edges reveals n-type doping for our samples which can be attributed to intrinsic point defects such as vacancies and/or lattice antisites, responsible for n-doping in other 2D materials [33] [34] [35] . In order to probe the chemical and structural properties of synthetic InSe single crystal, micro-Raman and highresolution x-ray photoemission spectroscopy (HR-XPS) investigations were performed on the same sample. The
InSe micro-Raman spectrum measured at room temperature is reported in Figure 1( VBM is located at -1.05±0.05 eV, in agreement with the STS measurements. As shown by theoretical calculations 51 , this paraboloid has a pz-like symmetry (out of plane orbital), which differentiates from the px and py-like (in-plane orbitals) located at higher distance from the Fermi level (about -2.5 eV). The spin orbit interaction induces an energy splitting of these two latter bands of ΔSO = 0.35 eV (see figure S3 in supplementary information) 51, 52 . The large uncertainty of the kz vector, due to the low photon energy (60 eV) 53 , spreads the paraboloid contours to low binding energy (see also figure 3 (d) -(f) for the ̅̅̅̅ direction explored by using the different photon energies). This effect is more pronounced around ̅ than ̅ or ̅ , due to the lower band dispersion along kz of the states around the latter points than ̅ . In figure 2(a) bottom panel, the calculated band structure is superimposed on the experimental data. The excellent agreement is confirming we are probing the band structure of the bulk ɛ-InSe. In white-blue color scale, the evolution of the band structure from kz = 0 to kz = π/c is highlighted. figure 3 (a) and (c), is due to an interference ARPES effect induced by the multilayer structure of the crystal [54] [55] [56] . Therefore it can be considered as a signature of 3-dimentionality for the band structure, but also as an indication of good quality for the investigated crystal. Finally, the Γ point explored with the highest photon energy (87 eV) shows a reduced spread of the paraboloid contours to low binding energy, due to the reduced uncertainty on the kz vector 53 .
Figure 4: 2PPE image acquired along ̅̅̅̅ direction using a 6.24 eV of probe and 1.56 eV of pump photon energy.
An electronic band gap of 1.25 eV at ̅ point was measured. Red arrows show VBM and CBM obtained from an energy dispersion curve around ̅ .
A complete picture of the electronic structure of the InSe crystal is obtained using 2PPE spectroscopy giving access the unoccupied state. We used a Ti:sapphire laser system delivering 6μJ pulses with a repetition rate of 250 kHz. The system was photo-excited using the fundamental beam, ω = 1.56 eV (pump), and probed using the 4ω pulse of 6.24 eV. Figure 4 (a) and (b) shows a 2PPE image acquired along ̅̅̅̅ direction. In the image we can observe that the conduction band minimum (CBM) in InSe crystals is located at the Γ point, as the VBM. A singleparticle electronic bandgap of Eg =ECBM-EVBM=1.25±0.04 eV was measured ( figure 4 (b) ), in agreement with the STS spectra. This result suggests that InSe has a direct electronic bandgap at Γ point. In accord, pump-probe dynamics performed in this system have shown a dispersion of unoccupied states with CBM in the center of Brillouin zone 31 .
In summary, we have presented an exhaustive study of the electronic band structure of the InSe crystal combining spectroscopic tools and theoretical investigation (DFT). The joint analysis of the DOS using STS and of the band structure using 2PPE indicates that the InSe crystal presents a direct quasiparticle band gap of about 1.25 eV located at the  point of the BZ. ARPES spectra reveal that the spin-orbit interaction lifts band degeneracies in deeper lying valence band, causing a splitting of about 0.35 eV. These properties holds greats potential for a wide range of applications of vdW heterostructures based on layered InSe, ranging from thermoelectric applications to nanoelectronic and optoelectronic ones. 
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I. Methods and characterization:
Scanninc tunnenling microscopy and spectroscopy (STM/STS) measurements:
STM/STS measurements were carried out using an Omicron ultra-high vacuum low temperature scanning tunnelling microscope (UHV-LT-STM). The STM tips used in this study were electrochemically-etched polycrystalline tungsten tips, flashed by Joule heating under UHV to temperatures up to white light emission followed by field emission. This procedure allowed to estimate the tip apex radius but also to control the stability of the emission current relative to the quality and cleanness of the tip. In addition during STM/STS experiments, the spectroscopic behavior of the tips were systematically checked on a clean Au(111) surface in order to ensure that the tips were free of adventitious carbon contaminations. STM/STS were acquired at 4.2 K in the constant current mode for different bias voltages V applied to the sample. For the STS measurements, performed at T = 77 K, the I(V) characteristics were acquired while the feedback loop was inactive, the differential conductivity dI/dV (V, x, y), proportional to the LDOS, was measured directly by using a lock-in technique. For this purpose a small AC modulation voltage Vmod was added to V (Vmod,p-p=10 mV, fmod= 973 Hz) and the signal dI detected by the lockin amplifier was used to determine the differential conductivity dI /dVmod. The surface of the crystal was prepared by in situ cleaving in UHV. The electronic band gap value for the InSe crystal, Eg = 1.25 ± 0.08 eV, was obtained through a statistical analysis of several STS curves obtained on several positions of the sample.
Raman measurements:
The Raman spectra measurements were performed using a confocal commercial Renishaw microRaman microscope with a 100× objective and a Si detector (detection range up to ~2.2 eV) using a 532 nm laser in an ambient environment at room temperature. To ensure the reproducibility of the data, we followed a careful alignment and optimization protocol. In addition, the excitation laser was focused onto the samples with spot diameter of ~1 μ m and incident power of ~5 mW. The integration time was optimized to obtain a satisfactory signal-to-noise ratio.
Photoemission spectroscopy: 
II. X-ray photoemission spectroscopy (XPS) measurements:
Figure S1: High resolution wide XPS spectrum of InSe measured at hν = 600 eV. 
III. Quantitative surface analysis by XPS:
In order to calculate the atomic concentration of In and Se in our sample, the following equation (1) is used [3] [4] [5] :
with is the photoemission intensity for a specific orbital from element A, in this case the In 4d and Se 3d and is the relative sensitive factor of the corresponding element A = In or Se:
where:
 (ℎ ) is the element, orbital and photon energy (ℎ ) specific photoemission cross section 6  ( ) is the transmission function of the spectrometer at kinetic energy , that can be described as : ( ) ~ (α depends on the particular spectrometer used)  ( ) is the kinetic energy dependent electron mean free path that can be approximated as 
V. Ab initio calculation of InSe band structure
The three-dimentional ε-polytype of InSe (space group 3ℎ 1 in Schoenflies notation) has been build using the lattice parameters a=3.9553 Ǻ, dM-M= 2.741 Ǻ, dX-X= 5.298 Ǻ and c=16.64 Ǻ and AB stacking [8] [9] [10] [11] [12] [13] . These values are very closed to experimental ones and no influence of such a small difference is expected.
The band structure has been calculated within Density Functional Theory in the Local Density Approximation (DFT-LDA) using the ABINIT code 14 . We used for In and Se norm-conserving The band structure was calculated with 151 k-points along KΓKM, and the corresponding path has been repeated for 10 cuts along the kz direction to obtain the surface projected band structure. 9 k-points were used to follow ΓA and HK dispersions.
